Atherosclerotic carotid lesion is a major cause of stroke which accounts for up to 20% of ischemic stroke. Aggressive treatment of carotid stenosis may prevent stroke. Currently, carotid endarterectomy (CEA) and carotid artery stenting (CAS) are the first-line treatments for severe carotid stenosis. CEA is superior to medical therapy in preventing stroke and cardiovascular death. CAS has emerged as an alternative to CEA in recent years due to its less invasive nature. However, both CEA and CAS may be associated with adverse hemodynamic changes as well as a variation of carotid baroreflex sensitivity. There is no consensus on which of these two methods is more advantageous concerning the procedure-related hemodynamic changes. This article reviews the hemodynamic changes and baroreflex sensitivity after CEA and CAS.
BP has increased by >15 and <40 mm Hg. A consecutive and simultaneous recording of ECG and beat-to-beat arterial pressure is performed after an intravenous bolus of phenylephrine. The relationship between systolic BP and RR interval changes is fit for linear regression. The correlation coefficient represents the BRS; the lower the correlation coefficient the lower the BRS [16] . Three or more administrations of phenylephrine are performed at 5-to 10-min intervals, and the mean correlation coefficient is taken as a measurement of the BRS. However, the drug may change the transduction properties of baroreceptors and the response of the carotid sinus [17] .
The Valsalva maneuver affects the blood circulation and autonomic function through closing the glottis and exhaling forcefully, voluntarily increasing the intrathoracic and abdominal pressure. The whole process is divided into four periods. Phase 4 is mostly used to quantify BRS [18] . The maneuver is generally done in the supine position with recording of ECG and beat-to-beat arterial pressure, which is repeated three times at 5-min intervals. A linear regression analysis is performed between the systolic BP and RR interval changes during the whole phase 4 or the overshoot part to analyze the BRS. However, the application of the Valsalva maneuver seems to be limited in patients with advanced heart disease [19] .
Another important technique to measure BRS is the application of variable pressure to the neck by means of a sealed chamber, thus altering carotid sinus transmural pressure [20] . A positive pressure in the neck chamber simulates a decrease in arterial pressure and elicits the deactivation of CSBs, resulting in an increase in BP. The recorded connection between systolic BP and RR interval changes is also fit for linear regression. The neck chamber is an effective method to measure BRS. However, transmission of external pressure to the carotid sinus is imperfect [20] . It is mostly used in laboratory studies for pathophysiological investigations [21] .
In addition, the analysis of spontaneous beat-to-beat fluctuations in BP and RR interval by computer-based techniques seems to have more advantages over other methods [22] . This includes the sequence method and spectral method. It has a better reproducibility because of its automatic and standardized computations [23, 24] . The sequence method records three or more consecutive beats and then analyzes the relationship between BP variability and related changes in RR interval through linear regression analysis. The spectral method contains two major power components, a high frequency and a low frequency [25, 26] . The recorded systolic BP and RR interval signals are displayed and stored on a computer. The recorded data then go through a fast Fourier transformation and get a different frequency. It is proven that the mid-frequency band (0.07-0.14 Hz) can be an appropriate quantification of BRS [27] . This method may bring much less discomfort or risk to the patients. Due to its automatic and standardized computations, the results are not affected by the measuring method and can be applied repetitively [27] .
The information of BRS is a significant predictor of clinical outcomes in cardiovascular diseases such as myocardial infarction or heart failure among others [22] . A 5-year follow-up study confirmed that an improvement in receptor sensitivity after carotid surgery was related to a long-lasting reduction in BP levels and variability. Baroreceptor function may be considered as an indirect indicator of both short-term and long-term efficacy [28] .
Hemodynamic Changes Associated with CEA and CAS
CEA has become an important approach to the treatment of carotid stenosis and occlusion by removing atheroma from the carotid bifurcation and internal carotid artery. The surgery may decrease the subsequent risk of fatal or disabling stroke in patients with significant carotid stenosis. However, hemodynamic instability, especially postoperative hypertension, is very common after CEA [29, 30] , which can directly or indirectly influence morbidity and mortality after the surgery. It is also associated with increasing use of critical care facilities and longer hospitalization [31] . A possible explanation for this phenomenon is that CEA would damage the carotid sinus and then impair BP homeostasis. In addition, other important factors also affect the hemodynamic instability, such as baroreceptor function, surgical factors and anesthetic factors.
The hemodynamic instability caused by CEA has a close relationship with the baroreceptor function. Baroreflex plays an important role in regulating arterial BP and is altered in different disease states, such as chronic hypertension [32] , diabetes, recent transient ischemic attack or stroke [33] , contralateral carotid stenosis and so on. Research has shown that patients with contralateral carotid stenosis are more likely to present baroreflex dysfunction and hemodynamic instability as well as a hypertensive shift after CEA [34] . These comorbidities are prevalent in patients presenting for CEA. Surgical removal of the carotid plaque causes immediate partial disruption of baroreceptor activity, leading to hypertension and increased arterial pressure instability.
Different surgical methods result in different types of hemodynamic instability. CEA contains two surgical methods which are frequently used, standard CEA (s-CEA) and eversion CEA (e-CEA). s-CEA is performed through a longitudinal arteriotomy on the anterior surface of the common carotid artery and internal carotid artery, which is closed with or without a patch. e-CEA is performed through a transverse incision of the internal carotid artery at the base of the carotid bulb. It is associated with more postoperative hypertension and a greater use of vasodilators after the operation than s-CEA [29] . The procedure itself may be responsible for the increased postoperative hypertension in e-CEA patients [29] . It is inevitable to transect the longitudinal carotid sinus nerve fibers located in the adventitia during the e-CEA. The destruction of baroreceptors results in the activation of the sympathetic nervous system and hypertension.
There is no significant difference in neurologic mortality when using either general (GA) or regional anesthesia (RA) [35] . However, the choice of the anesthetic method for CEA also affects the postoperative hemodynamic profile. CEA performed with RA leads to significantly less postoperative hemodynamic instability than CEA performed with GA, and these patients receive less vasoactive medications during surgery and have a shorter duration of hospitalization [35] [36] [37] . However, the specific mechanism is unclear. Maybe the change of baroreceptor function caused by the manipulation is abolished by infiltration of the local anesthetic into the periadventitial tissue around the carotid sinus [38] . Different GA drugs may have different effects on the cardiovascular function as well as baroreflex activity, resulting in differences in arterial pressure when using either RA or GA. This may give guidance for the patients with substantial cardiac risks who would poorly tolerate significant BP and heart rate shifts.
Postoperative hypertension caused by CEA is associated with stroke, death and, possibly, cardiac complications [1] . It is essential to control perioperative BP, but there is no consensus on how to determine the reference value of BP. Relevant literature points out the data in a reliable way [39] . Preoperative BP should be maintained in a proper range to avoid excessive decreases in cerebral perfusion. It seems reasonable to aim for a systemic arterial pressure <180 mm Hg. Alpha-and beta-blockers may be more favorable. During the surgery, it is better to maintain the BP between the normal and 20% above baseline level. This can avoid 'watershed' stroke during the period of carotid cross-clamping. After the surgery, target systolic BP <160 mm Hg is widely used, but a lower threshold may be appropriate in those at a high risk for cerebral hyperperfusion or wound hematoma. Alpha-and beta-blockers are effective for the prevention or treatment of postoperative hypertension. In short, monitoring of BP during the perioperative period is the most important thing.
CAS emerged as a less invasive alternative interventional therapy for carotid stenosis, especially for patients at a high surgical risk and those younger than 70 years [40] . However, hemodynamic depression including arterial hypotension and bradycardia often occurs during and after CAS [41] . The frequency of hemodynamic depression is reported to be between 13 and 75.9% [42] [43] [44] [45] [46] . Different definitions of hemodynamic depression, the procedural variables and the relatively small study population may account for the wide variation in hemodynamic depression frequency. This phenomenon may be due to baroreceptor dysfunction caused by the manipulation of the carotid sinus [47] . During the procedure of CAS, the CSBs are stretched by the angioplasty balloon and stent, which is similar to the stimulation of BP. CSBs sense the stretching and send impulses to the brainstem. Subsequently, a decline in BP and heart rate is observed. Risk factors associated with hemodynamic depression include increased age, decreased ejection fraction, coronary artery disease, balloon-expandable stents, bifurcation location of carotid stenosis, stenosis >70%, presence of contralateral stenosis, severely calcified plaque and the plaque length [2, 42, [44] [45] [46] . However, patients with postendarterectomy stenosis have a lower frequency of hemodynamic depression [41] . Severe hemodynamic depression may decrease the perfusion of the brain, potentially leading to neurologic and cardiac complications such as transient ischemic attack, minor stroke or major stroke. It may also increase short-term complications and long-term mortality [2] , especially in patients with persistent hypotension [41] . Careful medication or other preventive methods are necessary to prevent hemodynamic depression.
Diehm et al. [48] conducted a study on the influence of stent type on hemodynamic depression after CAS and drew the conclusion that nitinol stents were associated with a higher risk of hypotension compared with braided Elgiloy stents during the procedure. However, procedural hypotension and bradycardia were not related to the incidence of major adverse events but were associated with increased hospitalization time. This conclusion was also confirmed by Nii et al. [49] . In addition, Setacci et al. [50] proved that cutting balloon angioplasty using low expansion pressure was an effective method to prevent hemodynamic depression in patients with severe carotid artery calcification. Cutting balloon angioplasty may not only lead to important luminal gain but also avoid the elastic recoil of the lesion. Furthermore, transcutaneous temporary cardiac pacing, as an available preventive method, has been proven to be effective against angioplasty-induced bradycardia and hypotension [51] .
Drug therapies of postoperative hemodynamic depression are very common. Atropine is usually used to treat postoperative hemodynamic depression. The administration of prophylactic atropine before balloon inflation during the procedure of CAS decreases the incidence of intraoperative bradycardia and hypotension [52] . However, the use of atropine has side effects such as dysrhythmia and tachycardia. Preventive application of glycopyrrolate acting on acetylcholine receptors can decrease postoperative bradycardia, hypotension, and tachycardia and is superior to atropine [53] .
Further investigations are required to determine effective means which can blunt the hemodynamic alterations occurring during CAS.
BRS Associated with CEA and CAS
BRS index is a significant and reliable clinical predictor of cardiovascular morbidity and mortality [54] . A decreased BRS index has been shown to be related to increased sympathetic activity, which can lead to increased coronary vasoconstriction, platelet aggregation, impaired ventricular remodeling, and even to life-threatening arrhythmia [55, 56] . BRS is not only affected in patients with various kinds of physical diseases, but also in patients undergoing carotid surgery. The changes of BRS after CEA and CAS have been studied for a long time.
Reduced carotid sinus sensitivity caused by CEA has been confirmed by many studies [34, 57, 58] . Excision of extensive intima and media leads to stiffness of the vessel wall, which may be responsible for this result [59] . It may also result from damage to CSBs or carotid sinus nerve during the surgery. However, the opposite has also been confirmed [60] . The removal of thickened intima and a part of media during CEA makes the arterial wall thinner and weaker. It can result in more expansion at the same pressure as before, leading to increased baroreceptor stimulation as well as increased BRS [59] . Patients with contralateral carotid stenosis showed greater baroreflex dysfunction by reducing the physiological baroreflex reserve [34] . Surgery methods also affect the carotid sinus sensitivity. There is a decrease in BRS after e-CEA and an increase after s-CEA [57] .
Research of the relationship between BRS and CAS also shows different results. Both short-term changes and long-term effects in autonomic activity after CAS are observed. Increased parasympathetic modulation is obvious after CAS, which is likely mediated by the increased sensitivity of CSBs [61] . The parasympathetic predominance postoperatively was also confirmed by Yakhou et al. [62] and Alici et al. [63] . All of them recorded the short-term period after the surgery. Several reasons may be responsible for the increased BRS values. First of all, the surgery need not have an incision, which can reduce the injury to the baroreceptors and nerve fibers compared with the CEA. In addition, the stent exerts a continuous stress to the carotid vessel wall, which may increase the afferent impulses more or less. Another study that focused on the long-term (1,053 ± 833 days) effects of CAS on baroreflex function observed a significant reduction in BRS which was mainly due to the underlying disease rather than the CAS procedure [64] . This implies that the CAS surgery has no influence on the BRS values. Currently, it has been confirmed that the BRS decreases significantly 1 month after stenting and returns to baseline levels 6 months after CAS [65] . The vessels with a stent are more rigid than before and it takes time to adjust to this through the compensatory effect of contralateral baroreflex or other mechanisms which may account for the observed phenomenon. Furthermore, the BRS values can also be affected by case series, definition of BRS boundaries, and the measuring method. Thus, there might be inconsistent results. Since the change of BRS is not permanent, short-term monitoring is necessary.
BRS is an indirect indicator of postoperative recovery [28] and it represents the sensitivity of the carotid sinus. The variation of BRS induces hemodynamic instability. This is detrimental to postoperative recovery and long-term prognosis. We should try to avoid this kind of phenomenon in the clinical work. Careful monitoring is necessary especially in patients with severe underlying diseases which can blunt the BRS.
Conclusion
Hemodynamic changes are closely related to BRS variation. Severe hypertension occurs more frequently after CEA, while hemodynamic depression including perioperative hypotension or bradycardia occurs more frequently after CAS. Since hemodynamic instability is related to the patients' postoperative recovery, it is necessary to prevent or treat these conditions early. There are controversial opinions on the changes of BRS caused by CEA and CAS. However, there is no evident difference in short-term [66] and long-term [67] outcomes of the two main interventional ways to treat carotid artery stenosis. CAS is an alternative method to CEA, especially for patients at a high surgical risk and those younger than 70 years [40] . Here we discussed the hemodynamic instability and the variation of BRS. The results may provide useful information for the choice between the two interventional methods. However, these conclusions still need more experiments to confirm the effects. Most importantly, we should pay more attention to the physiological index of BRS in the future.
